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and MAPbBr 3 -polycarbonate composite films without any additional barrier layers can survive boiling water treatment for 30 min with decay in PLQY of less than 15% and 7% respectively. Using these green emissive MAPbBr 3 -polymer composite films and red CdSe-based quantum dots (QD)-polymer films as down-converters for blue light emitting devices (LEDs), we further demonstrated a white-light with record-high 95% color gamut in Rec. 2020, the new color standard for ultra-high definition TVs. We anticipate this strategy would enable OIPs to have widespread applications as backlight down converters for liquid crystal displays (LCDs), and it could lead to solution processed highly stable, vivid color light emitting devices, lasers or even high efficiency solar photovoltaics.
The instabilities of OIPs are often attributed to their low formation energy (≈0.1-0.3 eV), which makes it easy for them to be conveniently solution processed, but also renders them vulnerable to external stresses, such as moisture, heat, light, or electric field. [6] [7] [8] It has been observed that, in the presence of moisture and oxygen, the OIP grains grow spontaneously even at room temperature, leading to a higher density of defects and a shorter carrier lifetime. [9] Three passivation strategies have been developed to stabilize OIPs, but only with limited success. One commonly used approach involves film formation through impregnation and pore filling of a pre-formed mesoporous inorganic matrix (such as TiO 2 [10] or Al 2 O 3 [11] ) with the perovskite precursor solutions. However, the solvent evaporation from pre-formed, thus static, inorganic porous structures will inevitably lead to partially exposed, unprotected OIPs. In fact, it was reported that significant decomposition already occurs during annealing of OIPs on porous TiO 2 at 85 °C even in inert atmosphere. [12] Further coverage of these OIP films with carbon nanotube/polymer composite demonstrated impressive "water resistant" devices, [13] but such macroscale passivation leaves OIPs vulnerable to potential degradation due to film leakage. The second strategy, solution based synthesis of surfactant-protected OIP nanoparticles, can achieve passivation of individual nanocrystal grains and lead to colloidal OIPs with enhanced stability and PLQY. [14] [15] [16] However, the reaction yield of OIP nanoparticles remains low and when the nanoparticles are processed as thin films, their efficiency tends to be substantially reduced because of quenching induced by spontaneous particle aggregations. [17] The third strategy involves deposition of composite films from mixtures of OIP precursors with protecting media, such as organic small molecules, polymers [18] or inorganic nanoparticles. [19] Although inherently simple, this approach often results in serious phase separation between OIPs and the protecting media, leading to large OIP grain size variation, broad photoluminescence (PL) peaks, lower PLQY and unsatisfactory protection.
The past several years have witnessed the unprecedented efficiency up-rising of organic-inorganic perovskites (OIPs) based solar photovoltaics. [1] [2] [3] Most recently, OIPs also emerged as promising light emitting materials with high efficiency and superb color purity. [4, 5] Despite the astonishing progress, instability under external stress remains one of the biggest challenges to overcome before OIPs can fulfill their promise as low cost, high performance photovoltaic or light emitting materials. [6] [7] [8] Here we report a simple yet general strategy to achieve a series of ultrastable, highly luminescent CH 3 NH 3 PbBr 3 (MAPbBr 3 ) OIP-polymer composite films. Through a swelling-deswelling microencapsulation process, great dispersion and intimate passivation of crystalline OIP nanoparticles within polymer matrix have been achieved. This process yields composite films with high photoluminescence quantum yield (PLQY) of up to 48%, high color purity showing full width at half maxima (FWHM) down to 18 nm, and long average fluorescence lifetime (τ avg ) up to ≈502 ns. The OIP-polymer composite films possess unprecedented water and heat stability. MAPbBr 3 -polystyrene
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Here, we report a swelling-deswelling microencapsulation strategy to achieve well dispersed, intimately passivated OIP nanoparticles inside polymer matrixes and show that asobtained OIP-polymer composite films have high photoluminescence efficiency, color purity and ultrahigh stability against heat and water exposure.
When being brought into contact with good solvents, polymer chains will swell and expand, letting in solvents and solutes. Such expansion is generally reversible through a deswelling process when solvent is evaporated. [20] Dynamic polymer swellingdeswelling processes have been utilized in drug delivery to introduce bioactive drugs into polymer matrixes as solutes and enable successful encapsulation and controlled release of the drugs. [21] We hypothesize that OIP precursors can be introduced into polymer matrixes as solute through the solvent-induced polymer swelling process. When the solvent is driven out of the polymer matrix (for example, by baking), the OIP precursors will be left within to react and form high quality, well dispersed OIP nanoparticles. Meanwhile the polymer matrix will deswell, shrink back, and form a coherent barrier layer around the OIP nanoparticles, protecting them from water, oxygen, or heat of the surrounding environment (Figure 1a) . Adv 
To demonstrate the principle, MAPbBr 3 OIP precursor solutions were prepared by mixing PbBr 2 and CH 3 NH 3 Br at a 1:3 molar ratio into dimethylformamide (DMF) solvent. [18, 19] A series of technically important polymer substrates, including polystyrene (PS), polycarbonate (PC), acrylonitrile butadiene styrene (ABS), cellulose acetate (CA), polyvinyl chloride (PVC), and poly(methyl methacrylate) (PMMA) which are known to swell in DMF, were tested to illustrate the generality of this strategy. Swelling happened once the precursor solutions were brought into contact with polymer substrates, either through simple cotton swab painting or spin-coating in a more controllable manner. Upon subsequent annealing of the substrates, visible color changes from transparent (for most polymers) or semiclear (for ABS film) to light green can be observed, indicating OIP phase formations along with solvent evaporation and polymer deswelling.
The fabrication process has been found to be robust and can tolerate variation of conditions (such as spin-coating speed or annealing temperature and time) to a certain degree (see Experimental Section). All MAPbBr 3 -polymer composite films, obtained either with cotton swab painting ( Figure 1b ) or spin coating (Figure 1c ), are luminescent under UV excitation. The most important technical aspect that affects the PLQY of as-prepared films is the overall precursor concentration. Along with the decreasing of precursor concentration, a systematic enhancement of PLQY has been observed (Table S1 , Supporting Information), which could be due to reduced concentration quenching. [22] Overall precursor concentration of 5 mg mL −1 yields peak PLQY for all tested polymer substrates. Significantly, a record PLQY of ≈48% has been obtained for MAPbBr 3 -ABS composite films, which is one of the highest values reported for MAPbBr 3 solid composite films to the best of our knowledge. [4, 19] Microscopic characterizations of as-obtained MAPbBr 3 -PS films provided direct proof for the swelling-deswelling microencapsulation hypothesis. When adjusting the focal plane of fluorescence microscopy to ≈4 µm underneath the top surface of the MAPbBr 3 -PS sample, uniformly distributed nanoparticles over large area can be observed (Figure 1d ), while focusing on the top surface yields no particle-like features. Scanning electron microscopy (SEM) characterization of the PS sample surfaces before ( Figure 1e ) and after ( Figure 1f ) MAPbBr 3 processing show identically smooth morphology with no visible OIP crystals on top, confirming that the nanocrystals observed in fluorescence microscopy are mainly embedded inside the polymer matrix and the substrate surface itself has fully recovered through the deswelling process. Similar embedded nanoparticles were also observed for MAPbBr 3 -PC, MAPbBr 3 -CA and MAPbBr 3 -PVC composite films (Figures S1 and S2, Supporting Information). For semiclear MAPbBr 3 -ABS, no particle-like features can be observed in fluorescence microscopy ( Figure S1b , Supporting Information), probably due to the highly scattering nature of ABS polymers, but SEM indicates the originally rough ABS surface has been smoothed out after the spin coating process ( Figure S2c,d , Supporting Information). For MAPbBr 3 -PMMA, nanoparticles can be observed on the surface in both fluorescence microscopy and SEM images, probably due to relatively low swelling ratio of PMMA in DMF solvent.
Cross-sectional transmission electron microscopy (TEM) images (Figure 1g-l) of the MAPbBr 3 -PS sample shows well dispersed crystalline nanoparticles intimately passivated within the amorphous PS substrate matrix. The nanoparticles show clear embedding-depth-dependence of size and density (Figure 1 g,h) . Starting from <10 nm at ≈1 µm (Figure 1i,j) underneath the top surface, the sizes of nanoparticles gradually increase to >60 nm at ≈5-6 µm depth, along with particle density decreasing. From the high-resolution transmission electron microscopy (HRTEM) image (Figure 1l ) and the fast Fourier transformation (FFT) image (inset of Figure 1l ), interplanar distances of 2.9 and 4.1 Å corresponding to the (200) and (110) crystal faces of the MAPbBr 3 crystal can be identified. The energy-dispersive spectroscopy measurement shows that the nanoparticle has a Br/Pb molar ratio of 2.8:1 ( Figure S3 , Supporting Information), in accordance with the stoichiometry of MAPbBr 3 . Clearly, MAPbBr 3 crystallization and nanocrystal dispersion in passivating polymer matrix have occurred simultaneously in the spin-coating, baking assisted swelling-deswelling process. Figure 2 shows the static and transient PL behavior and absorption spectra of the spin-coated MAPbBr 3 -polymer composite films. The abrupt absorption onsets and emission peaks in the 528-533 nm range correspond well with the band-toband transition of bromide perovskite. Their FWHM range between 18 and 24 nm. This is comparable to previous colloidal MAPbBr 3 nanoparticles solution results [15] and much narrower than what has been achieved with the MAPbBr 3 -polymer precursor mixture approach (>30 nm) so far, [18] indicating better color purity. Notably, such narrow emission peaks have been achieved with large variations of particle size and density (Figure 1g-l) , implying size insensitivity of spectral width which is quite different from conventional inorganic quantum dots and could be due to that the intrinsic crystal structure of perovskite is similar to multiple quantum wells. [23] It should be mentioned that along with precursor concentration increasing from 2 to 50 mg mL −1 , the peak wavelength showed consistent red shift ( Figure S4 and Table S2 , Supporting Information), which agrees with what was reported in mixed precursor approach. [18] yet with narrower FWHM (Table S3 , Supporting Information).
PL lifetimes are commonly taken as a hallmark of perovskite film quality, with longer decay lifetimes used as indicators of better performing materials [24] For MAPbBr 3 based solid films [19] or even colloidal nanoparticles, [15] the average PL lifetimes (τ avg ) are usually within 10-100 ns. Remarkably, most MAPbBr 3 -polymer composite films in this work showed long τ avg ranging from 130 ns (for MAPbBr 3 -PS) to 502 ns (for MAPbBr 3 -ABS), with the only exception: the MAPbBr 3 -PMMA sample with a τ avg of ≈15 ns, which has the MAPbBr 3 nanoparticles on surface (Table S4 , Supporting Information).
As results of good nanoparticle dispersion and polymer passivation, most MAPbBr 3 -polymer composite films exhibit unprecedented stability against water and heat exposure. No observable PL degradation happened for most MAPbBr 3 -polymer composite films upon exposure to ambient air for five months, except MAPbBr 3 -PMMA, which degraded within an hour. To accelerate the test of water/moisture stability, the samples were put directly into water with their PL monitored periodically under 
UV illumination (Figure 3a) . The MAPbBr 3 -PS, MAPbBr 3 -PC, MAPbBr 3 -PVC, and MAPbBr 3 -ABS films immersed in water for two months reveal less than 7% decay in PLQY, indicating predominant water stability (Table S4 , Supporting Information). As for MAPbBr 3 -CA film, the brightness decayed to 5% of initial value after 48 h, probably because of the relatively higher water permeability of CA, [25] while MAPbBr 3 -PMMA became nonluminescent right after being put into water since the MAPbBr 3 crystals on surface were washed out right away. The thermal stability of water stable MAPbBr 3 -polymer composite films was then tested by heating up to high temperature and cooling back to room temperature while monitoring the PL spectra. Remarkably, the PL intensities (Figure 3 ), FWHM and peak wavelength ( Figure S5 , Supporting Information) of MAPbBr 3 -PS and MAPbBr 3 -PC can fully recover after being heated to 100 and 110 °C, respectively. Even after heating to 180 °C, the MAPbBr 3 -PC still retains ≈40% of initial intensity when getting back to room temperature, indicating high thermal stability of these composite films even without any special barrier layer protection. As for MAPbBr 3 -ABS film, the decrease of perovskite brightness after cooling back from 100 °C might come from the degradation of ABS substrate, the rubbery phase of which is known to be susceptible to environmental degradation at higher temperature. [26] It is noted that for all three samples, no obvious changes were observed in the UV-vis absorption peaks and onsets after heating, indicating intact MAPbBr 3 nanocrystals ( Figure S6, Supporting Information) .
Furthermore, The MAPbBr 3 -PS and MAPbBr 3 -PC samples were heated up to different temperatures and held for extended period of time to test their long-time high temperature stability ( Figure S7 , Supporting Information). It is observed that even at 100 °C which is around PS's glass transition temperature (T g ), the sample can maintain more than 65% of initial brightness after continuous heating for ≈5 h. For MAPbBr 3 -PC films (T g = 147 °C) tested at 110 or 140 °C, surprisingly, significant brightness enhancements were observed for the first hour, which could be attributed to photoenhancement, a behavior that has been reported for traditional quantum dots [27] or perovskite, [28] often at room temperature. Impressively, continuous test for ≈10 h at these temperatures did not lead to obvious decay for MAPbBr 3 -PC films. Tests at 180 °C, which is much higher than T g of PC, led to quick luminescence decay, indicating that thermal stability of the perovskite-polymer composite films are mainly limited by the thermal stability of polymer substrates.
The temperature dependent PL data within the reversible temperature range (Figure 3b,c) can be fitted using Equation (1) [29] = + and for MAPbBr 3 -PC E b = 322 ± 12.5 meV (Figure 3b,c) . This is approaching the value of colloidal OIP nanoparticles in solution and over four times larger than the bulk MAPbBr 3 value (50-70 meV). [15] Such a large binding energy implies a higher possibility of trapping in radiative state rather than escaping and recombining non-radiatively, so the PL emission is more likely to originate from the exciton recombination rather than the recombination from free electrons and holes. [30] The high exciton binding energy could benefit from good nanoparticle dispersion and surface passivation by surrounding polymer chains.
Selected from their good water and thermal stability, MAPbBr 3 -PS and MAPbBr 3 -PC films were then tested in harsh environment: boiling water. It has been observed that these OIP-polymer composite films remain highly luminescent both in and after removal from boiling water (Videos S1 and S2, Supporting Information), and the remained morphology, brightness, and structure are confirmed by microscopic, PL, and absorption characterizations before and after boiling ( Figure S8 , Supporting Information). PLQY characterizations after boiling the samples for 30 min showed decay of only less than 7% for MAPbBr 3 -PC and 15% for MAPbBr 3 -PS films (Table S5 , Supporting Information). In comparison, the luminescence of MAPbBr 3 films encapsulated with macroscopic PS or PC films [13] were completely lost within 10 s in boiling water and cannot be recovered (Videos S3 and S4, Supporting Information).
Because of their process simplicity, low cost, high stability, high luminescence efficiency, and color purity, these OIPpolymer composite films have great potential for various applications. The most immediate usage would be as downconverters for the backlight unit (BLU) of LCDs. [31] For concept demonstration, a green MAPbBr 3 -PS film and a red CdSe based QD-polymer film were prepared. Under UV light, these films emit bright and pure red or green lights (Figure 4a) . We applied the "remote-phosphor" approach by using a high power (550 mW) blue LED (450 nm with a FWHM of 20 nm) to pump the green perovskite-polymer composite film and the red QD film. The resultant red (630 nm with a FWHM of 23 nm) and green (532 nm with a FWHM of 18 nm) spectra can be well fitted by the Gaussian function. Overall the system can cover over 100% of the Adobe RGB color gamut and 95% of the Rec. 2020 color gamut, the white point is D65, as is illustrated in Figure 4d . A similar approach has recently been commercialized by 3M/Nanosys and QD Vision [32] with green and red QDs. Compared with the all-QD approach that uses green QDs with FWHM of ≈30 nm, our hybrid film has the advantage that the green perovskite emission has narrower linewidth (18 nm), indicating more pure green color, which is vital for wider color gamut.
The above studies illustrate a simple swelling-deswelling microencapsulation strategy to overcome the major instability challenge for OIP materials. The demonstrated stability, high efficiency, and high color purity of the green OIP-composite Adv. Mater. 2016, 28, 10710-10717 www.advmat.de www.MaterialsViews.com CommuniCation materials bodes well for their near term applications in LCD BLU down converters. Because of the generality of swellingdeswelling process in polymers, we believe this strategy will be applicable to other OIPs (e.g., MAPbI 3 ), solvents and polymers systems, enabling other highly stable OIP-polymer composite films. Provided that electrical transport properties of such components can be further enhanced (e.g., by doping with conductive nanoparticles), such components could become critical elements for highly stable light emitting devices, [33] lasers, [34] or even solar photovoltaics.
Experimental Section
Materials: Polycarbonate films, acrylonitrile-butadiene-styrene films, cellulose acetate films, polyvinyl chloride films, and polymethylmethacrylate sheets were purchased from McMasterCarr. Polystyrene substrates were purchased from VWR International, Inc. CH 3 NH 3 Br (CH 3 NH 3 = MA) was purchased from Luminescence Technology Corp. PbBr 2 (99%) and N,N-dimethylformamide (extra dry, 99%) were purchased from Sigma-Aldrich. Unless stated otherwise, all materials were used as received.
Synthesis: Perovskite-polymer composite films, MABr and PbBr 2 (3:1 molar ratio) with overall concentration of 100 mg mL −1 were prepared in DMF while stirring for overnight before use. The solution was further diluted in DMF to give a different concentration of 2, 5, 10, 20, 50 mg mL −1 . MAPbBr 3 solutions were processed onto different polymer film substrates through cotton swab painting or spin-coating at 2000-4000 rpm, followed by baking at 30-80 °C for 2-8 h inside a glovebox.
Perovskite on Glass Control Sample Preparation:
MABr and PbBr 2 (3:1 molar ratio) with overall concentration of 100 mg mL −1 in DMF were spin coated on the glass at 3000 rpm and dried at room temperature overnight inside glovebox. PS and PC were dissolved in chloroform at a concentration 100 mg mL −1 . The polymer solutions were deposited on top of the perovskite layer by spin-coating at 3000 rpm and baked at 60 °C for 30 min. No obvious change in brightness under UV irradiation was observed after coating the polymer layer.
CdSe based red quantum dots were synthesized following reported methods. [35] Quantum dots in chlorobenzene were spin coated at 3000 rpm on a PS film to obtain the red luminescent film.
Characterizations: Fluorescence images were taken using an Olympus BX51 microscope. Light source of 450-480 nm was used for excitation. Scanning electron microscope characterizations were carried out with a high resolution field-emission SEM (Philips-FEI XL30-SFEG). All samples for SEM measurements were coated with Au. TEM analyses on the cross-sections of the MAPbBr 3 -polymer composite films were carried out using FEI Tecnai F30 TEM. The cross-sectional samples were prepared using FEI 200 TEM focused-ion-beam instrument.
The PLQY of the films was measured by the integrating sphere method at Changchun Institute of Applied Chemistry, China. An intensitymodulated 409 nm laser beam was used for excitation. The blank sample of each polymer substrate was firstly measured, and the absorption effect of the polymer films was deducted when calculating the PLQY. All the PLQY measurements were carried out in air at room temperature.
UV-vis absorption spectra were recorded on a CARY 300 Bio spectrophotometer at room temperature. The steady-state PL of MAPbBr 3 -polymer films was measured using Horiba Nanolog Spectrofluorometer.
With a home-built sample-scanning confocal microscope described elsewhere, [36] 
Stability Tests: For water stability test, all MAPbBr 3 -polymer composite films without further protection were immersed in de-ion water at room temperature for two months.
For temperature-dependent PL measurements, the samples were put inside the Linkam LTS350 cryostat, with a heating rate of 5 °C min −1 . The temperature tunable range was up to 350 °C. Laser excitation at 457 nm (Argon laser: Stellar-Pro Select 150) was used and the MAPbBr 3 -polymer films were in situ heated on the stage whose temperature was controlled by a temperature controller (Linkam TMS 94). The composite films were heated up to a certain temperature, held for 2-3 min to be stable, measured for the spectra (Ocean Optics Spectrometer USB 2000+) and then proceeded to the next temperature point immediately.
For long term thermal stability test, MAPbBr 3 -PC was heated directly up to 110, 140 °C (close to PC's glass transition temperature 147 °C) or 180 °C, and MAPbBr 3 -PS was heated up to 100 °C (≈glass transition temperature of PS) and then kept at that temperature for a certain period (≈ 5-10 h) to see the trend of PL integrated intensity.
For boiling water test, MAPbBr 3 -PS and MAPbBr 3 -PC composite films were put into boiling water for 10 s, 10 min, and 30 min subsequently before they were taken out, and cooled down to room temperature for optical microscope, UV-vis absorption spectra, and PLQY characterizations.
For "remote phosphor" white light generation, a 550 mW high power blue (450 nm) LED (Royal-Blue Cree XLamp XT-E from LEDsupply) was used to excite the green perovskite-polymer composite film and the red QD-polymer film.
During revision of the manuscript, a report of "In Situ Fabrication of Halide Perovskite Nanocrystal-Embedded Polymer Composite Films with Enhanced Photoluminescence for Display Backlights" came to the authors' attention, [37] which represents new progress of the mixed precursor approach. [18] with improved photoluminescence spectra purity, better water stability, yet still limited thermal stability.
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